INTRODUCTION
Thirty years ago, Lewontin (1969) raised the question of whether biological communities are globally stable or take multiple stable states. Five years later, Sutherland (1974) of alternate stable-state communities should develop where forces capable of driving a community beyond its domain of attraction are localized and spatially asynchronous. Such events, including avalanches, fires, treefall gaps, seed masts, and physical disturbance from wave-borne rocks and logs, are probably ubiquitous in nature. Alternate domains of attraction in systems with multiple stable states are separated by unstable equilibria (May 1977 , Scheffer et al. 2001 ) that should create sharp transitions in space and time. Thus, one approach to understanding multiple stable communities is to focus on their boundaries.
Numerous studies, done mostly at temperate latitudes in the northern hemisphere, indicate that kelp forests exist in two organizational states: one dominated by lush kelp assemblages (hereafter termed "kelp beds") and the other by intense sea urchin grazing and a dearth of foliose algae (hereafter termed "barren areas") (see Dayton 1984 (1985) found that episodic storms drove this system from one state to another, contingent on the starting point (i.e., storms drove kelp forests to urchin barrens and visa versa) although they did not attempt to explain the abrupt spatial transitions between kelp forests and barren areas. In some cases these boundary regions are transitory as actively grazing sea urchins form "fronts" that invade the kelp beds (Leighton 1971 , Camp et al. 1973 , Witman 1985 , whereas in other cases they persist for long periods (Mattison et al. 1977) .
Despite this extensive evidence for multiple stable states in kelp forest communities, the transitional dynamics between kelp forests and barren areas are poorly understood. Here we examined why sea urchins in barren areas at the margins of kelp patches did not invade the adjacent kelp beds. First, we investigated the possibility that urchins at the border regions are not food limited and do not move into kelp areas for this reason. Our findings did not support this idea. We next hypothesized that the kelps somehow prevented urchin intrusions, and tested that hypothesis by manipulating kelp and urchin populations at the border regions and within established kelp beds. A strong inhibitory effect by the kelps in the border regions was demonstrated. We also conducted a series of related experiments and measurements to clarify the inhibitory mechanism. THE SYSTEM Our work was done in the western Aleutian archipelago of the North Pacific Ocean. Whether rocky reef systems in this region exist as barren areas or kelp beds depends largely on whether or not sea otters (Enhydra lutris) are present. Sea otters consume sea urchins (Strongylocentrotus polyacanthus), thereby limiting their size and population density, and preventing the development of barren areas (Estes and Palmisano 
METHODS
The community and study sites Except for descriptions of the transitions between kelp beds and barren areas (described in the following paragraph), all of our research was done in a mosaic of kelp beds and barren areas on the southwest shore of Shemya Island. The percent cover of major algal taxa in three distinct beds was visually estimated (Dethier et al. 1993) in randomly placed 0.25-M2 quadrats. Brown algae were identified to species and grouped as annuals or perennials, while foliose red algae and encrusting coralline algae were grouped, but not identified to species. Our characterization of these kelp beds was based on a sample of 54 quadrats, taken from between 8 and 13 m water depth during June-August 1996.
Transitions between kelp beds and barren areas
To quantify the nature of transitions between kelp beds and barren areas, we located three small kelp beds in the Kuluk Bay region of Adak Island. The species composition and mosaic nature of these beds were similar to those that occurred at Shemya Island (B. Konar, personal observation). Border regions were located haphazardly, and contiguous 0.25-M2 quadrats were sampled perpendicularly across each border. All foliose brown algae were identified to species and counted, sea urchins were counted, and percent covers estimated for foliose red algae. For each of these variables, we used a randomized block design (in vs. out of kelp stands and distance from border as treatments, beds as blocks) to assess statistically significant spatial patterns between and within the alternate community state.
Algal drift measurements
Drift algae are known to influence the foraging behavior of sea urchins, and thus their tendency to overgraze kelp beds (Ebeling et al. 1985 , Harrold and Reed 1985 , Konar 2000a ). The abundance and species composition of drift algae were measured along transects run perpendicular to the kelp bed-urchin barren interface to determine how this potential food source for urchins varied across the border between these two community states. Drift algae were quantified 3 m into the kelp bed and 3 m into the urchin barren by collections from six haphazardly placed 10-M2 circular plots in each habitat. Only horizontal, rocky substrates were sampled. The drift algae were weighed to the nearest gram (wet mass). Brown algae were identified to species and grouped as perennials or annuals. . Gonadal indices of sea urchins ([gonad mass/total wet mass] X 100; Gonor 1972) were measured from individuals distributed across the kelp bedbarrens border as a relative measure of fitness variation between the two community states and at their interface. Although fitness is defined by both growth and reproductive output, we selected this simple measure because we were interested in the degree to which food might be limiting to sea urchins across the barrenskelp forest interface at the time of our study.
Twelve urchins of varying test diameters were haphazardly collected 1 m into the kelp beds, 1 m into the barren grounds, and at the points of transition from kelp to barren areas. Only sea urchins >40 mm test diameter were used in this analysis, because studies elsewhere show that smaller individuals of a similar species, S. purpuratus, have proportionally smaller gonads (Gonor 1972 ). The urchins were weighed and dissected to determine gonad mass. These measurements were taken in June 1997.
Urchin additions and algal removals
We conducted an experiment to determine if sea urchins could generate and maintain barren areas within established kelp beds. Four replicate 100-M2 blocks were established within kelp beds. Each block was divided into four 5 X 5 m plots, which served as our experimental units. Urchin density and algal cover were monitored monthly in each block using six randomly placed 0.25-M2 quadrats. Both the manipulations and measurements were located sufficiently far from the block borders to avoid interactions with treatments in the adjacent blocks. Measurements were taken from July through November of 1996 (no sampling was done in October because of persistent inclement weather), and in August 1997. The experimental units were subjected to the following treatments, assigned at random in each block.
Foliose algae removed/urchins added.-The purposes of this treatment were to determine if high urchin densities could persist within a kelp bed when the foliose algae were removed, and if so, whether or not these cleared patches were maintained as barren areas. To make this determination, all foliose algae were removed and urchins were added (from the nearby barrens) at a density of 68.0 individuals2 (average density in the nearby barrens).
Foliose algae removed/no urchins added.-The purposes of this treatment were to determine if urchins moved from within or through the kelp bed into a cleared area, and if not, to measure recovery of the foliose algae relative to Treatment 1. To make this determination, all foliose algae were removed from the experimental units, but urchins were not added.
Foliose algae not removed/urchins added.-The purposes of this treatment were to determine if urchins could remove the foliose algae from within an established kelp bed, and if so, to chronicle the development and persistence of the resulting urchin barren. To make this determination, urchins were added to the experimental units at a density of 68.0 individuals/, but the foliose algae were not removed.
Unmanipulated control.-These were included to determine the natural variation of urchin and foliose algal abundance over the course of the experiment.
We analyzed these data as a three-way model (urchins present/absent X foliose algae present/absent X areas). The ANOVAs were run separately for each time period in order to make explicit changes through time evident.
Invasion of urchins into kelp beds
Foliose algae were removed from kelp beds at their interface with barren areas to determine if the algae inhibited sea urchin invasion. Here again, the experimental units were 5 X 5 m quadrats, extending into the kelp bed from the barren area interface. Twelve experimental units were established, and the treatments were assigned randomly among them. Urchin densities were measured from six randomly placed 0.25-M2 quadrats in each experimental unit and the adjacent urchin barren. Measurements were taken immediately prior to the manipulations and 10 d later. These experiments were initiated in June 1997 and consisted of the following four treatments, each replicated three times.
Total algal removals.-This treatment was undertaken to determine if urchins would invade the kelp bed when all of the foliose algae were removed from its border. A strong initial response was obtained, and hence the following treatments were added to refine our understanding of the mechanisms.
Removal of annuals only.-Only the annual algae (Alaria fistulosa and Desmarestia spp.) were removed. This was done to determine the role of annual vs. perennial algae in inhibiting sea urchin invasions.
Structural replacements of the foliose algae.-All foliose algae were removed, but they were replaced with clumps of surveyor's flagging that were nailed to the substrate in similar densities to the algae. These "artificial plants" were added to recreate the physical presence of foliose algae, but without any of their biological properties, to determine if algal structure alone could prevent sea urchins from invading the kelp beds. While these models are dissimilar in form to many of the foliose algae (the morphology of which also varies substantially both within and among species), they are similar to most of these algae in their flexibility and movement with wave-induced surge.
Unmanipulated controls.-These were done to monitor natural fluctuations in urchin density at the kelp bed margins and on the periphery of the barren grounds during the course of the experiment.
Nested ANOVAs (quadrats nested within experimental units nested within sites) were conducted on urchin densities in the kelp beds and barren areas immediately before the manipulations to determine if the availability of urchins varied among treatment areas. The same analyses were conducted on urchin densities 10 d after the manipulations to determine if there were significant treatment effects.
Algal abrasion
The previously described algal removal experiments showed that both fleshy macroalgae and the surveyor's tape-models inhibited sea urchins from invading the kelp beds. We suspected that wave-induced abrasion was the mechanism causing this inhibition. Because the kelp beds were comprised of several common macroalgal species, we wished to determine whether these varied in abrasive function, and if so, which ones caused the most abrasion. Dissolution rates of clod cards (Denny 1985) were used for this purpose.
Our clod cards, similar to those described by Doty (1971), were a mixture of plaster of paris and latex paint that were molded and hardened in ice cube trays. Once hard, the clod cards were glued to a small sheet of PVC and placed in a seawater aquarium for one week to cure. They were then removed from the seawater, dried, and weighed at successive times until a constant value was attained. Each clod card then was attached by a cable tie to a cement brick (40 X 20 X 6 cm) and placed in the field. The clod cards used for each experiment were made from a single batch in order to eliminate variation between the relative amounts of plaster of paris and latex paint used. Treatment/handling controls were taken into the field and then returned to the seawater aquarium.
Field measurements were made during July 1997, a period when sea conditions were relatively calm. Clod cards were haphazardly placed in the field under naturally occurring patches of Alaria fistulosa, Desmarestia viridis, Agarum cribrosum, or Laminaria dentigera that were intermixed within the same kelp stand. One clod card was placed under each patch. Additional cards were placed in cracks in the substratum. Each treatment was replicated four times. After four days, all the cards were collected and returned to the laboratory, and dried until a constant mass was attained. Mass loss by the control cards was subtracted from mass loss by the various treatment cards to obtain an index of abrasion.
Unless otherwise stated, standard parametric statistical analyses were used. Enumeration data were In + 1 transformed, and percent cover data were arcsine square-root transformed prior to analysis. Ecology 
Transitions between kelp beds and barren areas
The borders between kelp beds and barren areas at Adak Island were sharply defined (Fig. 1) . Sea urchins were abundant from the edge of the border outward into the urchin barren, but urchin density declined abruptly from the border into the kelp beds. Similarly, kelp density and red algal cover varied sharply over the same gradient, but in the opposite direction All of these variables differed significantly between the kelp stands and adjacent barren areas (urchins, 
Drift algae
The abundance of drift algae also varied sharply across the kelp bed-urchin barren interface (7.1 ? 3.5 g wet mass/10 m2 in barren area vs. 99.5 ? 41.9 g/10 m2 in kelp bed, Fig. 2) . This difference was highly significant (t = 5.02, df = 10, P < 0.001). Most drift in the barrens was red algae (81.7% of the total). In contrast, most drift in the kelp bed was perennial (64.1% of the total) and annual (34.9% of the total) brown algae.
Urchin gonad indices
The relative size of sea urchin gonads also varied sharply across the barren-area-kelp-bed interface ( 
Urchin additions and algal removals within the kelp beds
Urchins added to both cleared and uncleared areas within the kelp beds remained at high densities (65.6 to 84.0 urchins/M2, respectively) from July 1996 when the translocations were initiated, until the first winter storms in October (Fig. 3a, c) . Highly significant urchin treatment effects on urchin densities for the period of July through September reflect this pattern (Table 2) . By November, urchin densities had declined in both urchin addition treatments (0.8 to 10.4 urchins/M2, respectively), and all of those that remained occurred in cracks and crevices within the substrate. At this point, urchin densities did not vary significantly among treatments (Table 2 ). This pattern remained unchanged through August 1997, although by that time significant treatment effects again had developed because of increases in both urchin addition treatments (Fig. 3a, c) . Urchin densities in the other treatment plots (Foliose algae removed/no urchins added, and Unmanipulated controls) remained low throughout the study (Fig. 3b,   d ). Site effects on urchin density were statistically significant during two of the sample periods (Table 2) . Interaction effects were similarly small and inconsistent through time (Table 2) .
Foliose algal cover in the control plots remained largely unchanged through the study, ranging between 71.7% and 96.3% (Fig. 3d) . When all foliose algae were removed and urchins were not added, foliose cover increased by -20% after one month (by August) and increased steadily thereafter to -90% of the initial value one year later (Fig. 3b) . When sea urchins were added to otherwise unmanipulated kelp beds, they actively grazed the plots, causing the foliose algal cover to decline from 75.4% to 24.5% between July and September (Fig. 3c) . Defoliation continued until the first winter storms, at which time most of the urchins disappeared and foliose algal cover increased to 49.5% by November 1996 and 91.3% by August 1997. Urchins added to cleared areas prevented foliose algal recovery from July through September (Fig. 3a) . Most of these urchins disappeared or retreated to cryptic habitats with the onset of winter storms in October, whereupon foliose algal cover increased (to 26.6% by November and to 91.3% by August 1997). After one year, Notes: Data were analyzed as a 2 X 2 X 4 factorial experiment, with Kelp (+ or -at beginning of experiment) and Urchin (+ or -at beginning of experiment) as fixed effects and Site as a random effect. The ANOVAs were conducted on sea urchin densities (In + 1 transformed) and percent cover of foliose algae (arcsine square-root transformed).
the percent covers of foliose algae in all the manipulated treatments had returned to their initial values and were not significantly different from the controls (Fig.  3) . These patterns are reflected by highly significant algal and urchin treatment effects on foliose algal cover for each sample period from July-November 1996 and statistically insignificant effects by summer 1997 (Table 2). Site effects were mostly insignificant through the summer months of 1996. Site effects were highly significant in November 1996 and summer 1997. Interaction effects were small and inconsistent through time (Table 2) 
Inhibition of urchin invasions across the kelp bed border
Sea urchin densities did not differ significantly among treatment plots prior to the manipulations, thus demonstrating the preexperimental homogeneity of our experimental units (Table 3) . Likewise, the absence of significant treatment effects in the adjacent barren areas demonstrates that all of the plots were similar in terms of available sea urchins (Table 3) . However, the various treatment manipulations strongly influenced subsequent sea urchin density. Sea urchins quickly occupied areas that were cleared of all foliose algae at the kelpbarren interface (Fig. 4) . Within ten days, urchin densities in these plots increased from low values to those occurring in the adjacent barrens (42.4 ? 2.8 urchins/ m2vs. 44.8 ? 2.8 urchins/M2, respectively). During the same time period, urchin densities in the kelp bed margins did not change notably when only the annual algae were removed, when all algae were removed and surveyor's flagging was added, or in the unmanipulated treatments (Fig. 4) .
Algal abrasion
The rate of mass loss varied significantly across the various algal species (Table 4; (Russo 1979, Harrold and Reed 1985) . This was not the case in our study, as the abundance of drift algae declined to the typically low value of barren areas within a meter of the kelp bed border (Fig.  2) . Food limitation for urchins living at the margin of the barren ground is further indicated by the abrupt decline in their gonadal indices at the kelp forest-barren interface (Fig. 2) .
Our experiments show that macroalgae living at the border between kelp beds and barren areas deter invasions by sea urchins. When all foliose algae at the kelp bed margin were removed, urchin densities rapidly increased within the clearings (Fig. 4) . Urchin invasions also were inhibited when the cleared algae were replaced with model kelp plants, thus demonstrating that some feature of the kelp's physical presence (as opposed to induced defenses) was likely the key mechanism. These observations led us to wonder why the same food species are beneficial in some circumstances and inhibitory in others.
Although sea urchins did not move naturally from barrens into kelp beds, those that were translocated across the boundary areas into the centers of the beds both persisted and defoliated the surrounding areas (Fig. 3) , thus indicating that kelps living in the interior portions of the bed are vulnerable to urchin grazing, whereas those at the margin are not. Induced chemical defense by kelps in the border region is one possibility. While we did not test for this directly, we think it is unlikely for several reasons. One is that we have found very little variation in secondary metabolite levels (both phlorotannins and nonpolar compounds) in Alaria or Laminaria species collected from the western Aleutian archipelago ( (Table 4) . We did not measure flow rate, and thus it is possible that some of the differences among species was a consequence of differential dissolution due to variable water flow rather than abrasion per se. However, we believe that the differences in the clod card mass loss were due to algal abrasion rather than differences in water flow around dissimilar algae because in another study done on Shemya Island, clod cards were found with significantly more abrasion under algae in kelp beds than in algal cleared kelp beds (20.5 g + 1.6 vs. 5.8 g + 0.5; Konar 2000a). In fact, mass loss of clod cards due to water motion alone was minimal. In general, annuals caused more abrasion than did perennials. Nonetheless, the perennials by themselves prevented urchins from invading the kelp beds. These findings explain why the borders we studied persisted through the winter when the annual algae were absent. The only alga that did not cause significant abrasion was Laminaria dentigera. This probably is because L. dentigera possess a long, thick stipe that holds its single blade above the substrate. Velimirov and Griffiths (1979) (Table 4) . This interpretation is supported by the fact that all of the urchins we translocated into the kelp beds that survived the winter storms did so by residing in cryptic habitats. Barren areas persist through the winter, even in shallow water. However, when kelp beds are present, sea urchin density may be limited by the amount of cryptic habitat. Other factors (such as drift abundance) set higher density limits in these same habitats when kelps are absent. . However, while herbivore fitness is often reduced relative to that of an herbivore feeding on undefended plants, the herbivores are generally thought to respond either through the evolution of resistance or by feeding on more palatable species. Chemically defended plants may create variation in herbivore abundance, with the herbivores aggregating around more palatable prey species. Our findings demonstrate the importance of physically mediated inhibition of herbivores by plants, the result being a very strong negative effect on herbivore population density by their preferred prey.
Density-dependent shifts in bottom-up forcing by plants on herbivores (from positive in barren areas to negative at the kelp bed's border) in turn changes the strength of top-down forcing by herbivores on plants (from weak in the kelp beds to strong in the barren areas), thus maintaining the two alternate community states. We know of only one other example of a consumer-prey role reversal causing such a shift in community state: Barkai and McQuaid's (1988) report of predator-prey switching between rock lobsters and whelks in South Africa. At normal densities, rock lobsters consume whelks and limit whelk populations, whelks consume mussels and other bivalves, and thus lobsters help maintain a mussel-dominated reef community. When lobster populations were reduced from overfishing or physical disturbance, whelk populations increased, thus causing mussel beds to decline. The superabundant whelks became lobster predators, so that when lobsters were reintroduced into the system, high mortality from whelk predation prevented them from becoming reestablished. These findings raise the question of whether such density-dependent shifts in the qualitative nature of consumer-prey interactions is a common mechanism for the generation and maintenance of multiple stable-state communities. The answer most likely will come from studies of systems under strong top-down control and for which multiple organizational states are evident in space or time.
